A theoretical method is formulated for calculating input and mutual impedances, total field radiated, and power gain of a Wullenweber antenna above a lossy flat earth. The Wullenweber antenna considered here is essentially an array of two concentric rings of discrete elements. Each ring is placed in front of a concentric screen. The inner ring is designed to operate at 3-10MHz, and the outer ring at 8-32MHz. The radiator used for the highband ring is a sleeve antenna, and that for the lowband ring is a 3-wire folded monopole. Numerical results are given as a function of frequency, ground constants, elevation and azimuth angles with a specified set of element and array dimensions.
Introduction
Many Wullenweber antennas have been experimentally designed for the receiving purpose, but no systematic theoretical work has been formulated, either to check measured characteristics, or as a design guideline. This paper provides a theoretical method of calculating input and mutual impedances, fields radiated, and power gains of a Wullenweber antenna above a lossy flat earth. The antenna considered here is essentially an array of two concentric rings of discrete elements. Each ring is placed in front of a concentric screen. The inner ring, consisting of 40 3-wire folded monopoles, operates at 3-lOMHz, while the outer ring of 120 sleeve antennas operates at . Details of the array geometry are shown in Fig. 1 . Impedances are derived by the commonly used inducede.m.f. method, with different forms of current distribution assumed on elements on different bands. Radiated fields and power gains are obtained from known propagation theory. Numerical results on all these characteristics are given as a function of frequency, ground constants, elevation and azimuth angles, with a specified set of element and array dimensions.
2
Highband elements
Impedance and current distribution
The particular radiator used for the highband (8-32 MHz) ring is a cylindrical-sleeve antenna, which consists of a vertically extended inner conductor of height /; and radius «,-, and an outer conductor of the coaxial line of height s and radius a o , over a horizontal conducting plane (see Fig. 2a ). It differs from the conventional base-driven monopole in that the sheath of the coaxial line does not end at the conducting plane, but extends above it a distance s to form a sleeve. This essentially moves the feed point upward from z = 0 to z -s. However, the discontinuity at z -s does cause considerable difficulty in the rigorous solution of the problem. Accordingly, an approximation for considering the antenna with a uniform height /?, equivalent radius ajja-, < a e < a o ), and the excitation at z = s, as shown in Fig. 2b , has been suggested by King. 1 Using this approximation, one can derive the input impedance at z = s, through the conventional induced-e.m.f. method with appropriate boundary conditions: 2 where {A r " r "
, z')dz'
and I(z), the current distribution over the antenna, is still unknown. An approximate Z in can usually be determined by assuming a suitable form for /(z). When considering the conditions that /(z) must be continuous in the interval 0 < z < //, /(/;) = 0, and that i)/(z)/c)z must be continuous 2095 except at the driving point z = s, Taylor 2 concluded that the following form should be a good approximation for /(z):
C and D are complex constants to be determined, and the current has been normalised to unity at z = s. Current forms assumed in eqn. 4 have also been verified experimentally, and have proved very satisfactory, provided that h -s < A and s < A/2 (6) are satisfied.
Since the h and s specified in this study do meet the requirement in eqn. 6, we will follow Taylor's approach. With eqn. 4, the input impedance of the sleeve antenna becomes approximately
. . . . Fig. 1 
e~ 0-1054m), and for the entire operating frequency range , is available in a report by Ma and Walters. The technique adopted here is actually an extension of Storer's variational formulation. 5 Eqn. 7 is also valid for the mutual impedance between two parallel identical sleeve antennas, when the equivalent radius a e is replaced by d, the centre-to-centre separation of the two antennas.
Field and power gain
The field radiated from a single sleeve antenna above a finitely conducting ground can be derived as
e -jkr = -y30 -sin 0 (£ 9 i + EQ 2 + ^83 + ^64 + As) (17) where R v is the vertically polarised ground-reflection coefficient, given by 
Since there are 120 elements on the circumference of the highband ring, eight of which are actually excited at a time for scanning, the array factor contributed from these eight excited elements, and the next two pairs of parasitic elements caused by mutual coupling (see Fig. 5 ), can be written
where a h y is the radius of the highband ring, 0 is the angle measured from the 2axis (normal to the array plane), <f> measured from the axis shown in Fig. 5 , a,-the location of the ith element, and //" the current of the ith element at its feed point. In arriving at eqn. 25, we have considered only the two parasitic pairs closest to the excited elements, and neglected the remaining parasitic elements, since they are farther away from the excited antennas and the induced currents on them should be insignificant. Because of symmetry, and the special way of voltage excitation discussed later, we have //,i(for positive /) = //"• (for negative /).
Similarly, the contribution from the image ring (assuming a perfect image), whose radius is a h2 , should be 
The currents //"• in eqns. 25 and 26 can be determined from the circuit consideration: 
where 70° < 6 0 < 80° and <f> 0 = 0° define the desired direction of beam maximum. After obtaining the /,"• from eqn. 27, and substituting them into eqns. 25 and 26, we have the total field radiated from the portion of the highband array under consideration:
The power gain relative to a lossless isotropic source with the same power input 7 thus becomes where £ 6n , n = 1, 2, 3, 4 and 5, are given in eqns. 20-24, E hl and £ /l2 are obtained from eqns. 25 and 26, and P jn , representing the total power input, is
where * denotes the conjugate of the complex quantity. Numerical results for C / '(75°, <f>) and G h (0, 0°), as a function of frequency and ground constants for the same element dimensions as in Fig. 3 and an array geometry shown in Fig. 1 , are given in Fig. 6 .
3
Lowband elements
Impedance and current distribution
The radiator used for the lowband (3-10 MHz) ring is a 3-wire folded monopole excited against a horizontal ground plane, as shown in Fig. la . Characteristics of this antenna may be conveniently analysed through an equivalent folded dipole formed by the antenna and its image, which in turn can be represented by an equivalent circuit 8 -9 shown in Fig. 1b (References 8 and 9) .
The transmission mode is represented by Zf, which can be calculated from with // the height of the monopole, a x and a 2 the radii of the out downwire and centre pipe, respectively, and ^/now the half distance between the two downwires. The radiation mode is represented by Z,., which is the corresponding free-space input impedance of an equivalent dipole of length 2h and radius < { 2 Because kh may be equal to -n for a frequency in the designed frequency range, which would cause difficulty in evaluating Z r if the ordinary sinusoidal current distribution is assumed on the antenna, we use the 3-term theory developed by King and Wu 10 for the current distribution; i.e. 
where V is the impressed voltage, ifj dR , Ty, T D , Ty, and 7ĉ an also be expressed in terms of the generalised sine and cosine integrals with arguments o' e and h. The details of these functions are given in a paper by King and Wu. 
. . . (38)
The equivalent input impedance of the original folded monopole then becomes (see Fig. 76 ) The open-circuit mutual impedance between two parallel identical lowband elements, with a separation distance D, can be calculated by King and Wu, 10 the distance D is fixed according to the array geometry, and integrals I { , I 2 , 7 3 , 7[, I 2 , 7 3 can be computed numerically, the mutual impedance in eqns. 44 or 48 can also be evaluated.
Field and power gain
The field radiated by a single lowband antenna, based on the current forms given in eqns. 35 and 36, is Once we know how to calculate the element field and impedances, the determination of the field contributed by the array of eight excited elements and t\vo neighbouring parasitic pairs follows that for the highband ring. The lowband ring and its image ring will contribute, respectively, and where the I u are the terminal currents determined by the following matrix equation, with a procedure similar to that of eqn. 27:
(58) In eqn. 58, a' a = ka n sin d 0 cos (</ > 0 -0,), and [Z t ] is a 6 x 6 impedance matrix with Z r , given in eqns. 37 or 38, replacing 2 in in the main diagonal in eqn. 27. Since the actual termination resistance at the input of parasitic elements is now 200D., the equivalent resistor termination experienced by the radiating mode should be (Fig. 1b) 
Z,=
Numerical examples for G'(15°, <j>) and G'(6, 0°) are given in Fig. 9 with a specified element dimension and array geometry.
Discussion and concluding remarks
In this study, we have assumed certain current distributions on both lowband and highband elements, and a perfect current image of the screen. Possible interactions between the screens and elements of different bands have been neglected.
Numerical results obtained are valid only for specific dimensions of elements and array geometry indicated in various Figures. Once a computer program is established, it will work for any dimension, should a change seem necessary. In fact, the method can be applied to other Wullenweber antennas. It is also a simple task to determine an 'optimum' set of dimensions to maximise the array performance for one particular frequency, earth, and elevation angle, or to improve the average performance over the entire operating frequency band. Parameters that can possibly be changed to achieve this purpose are the antenna height h, the sleeve height s, the radius of the sleeve a Q , the radius of the lowband central pipe a 2 , the distance between two downwires d, the radii of arrays a hX and a n the array-screen distance, the number of elements excited, and the cophasal excitations d 0 and </ > 0 . Obviously, the optimisation procedure suggested here is to be achieved from an analysis viewpoint. Improved results so obtained should be valuable for future design of the same type of arrays.
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